ABSTRACT This research studied 31 volatile compounds for indoor control of the medically important mosquitoes Aedes aegypti L. and Culex quinquefasciatus Say. Only adult female mosquitoes were tested. The test compounds were from six families that included Þve heterobicyclics, eight formate esters, formic acid (a hydrolyzed metabolite of formate esters), eight acetate esters, four propionate esters, three butyrate esters, and two valerate esters. Also, the organophosphate compound dichlorvos (DDVP) was tested as a positive control. Cx. quinquefasciatus was generally more susceptible than Ae. aegypti. Cx. quinquefasciatus was most susceptible to a subset of heterobicyclics and formate esters (rank: n-butyl formate Ͼ hexyl formate ϭ dihydrobenzofuran ϭ menthofuran ϭ heptyl formate ϭ ethyl formate). Ae. aegypti was most susceptible to a subset of formate esters (rank: methyl Ͼ n-butyl Ͼ propyl ϭ ethyl ϭ hexyl). The most active materials against both species had LC 50 s of 0.4 Ð1 mg active ingredient per 0.5 liter of air volume (0.8 Ð2 mg/liter), which is 50-to 60-fold less toxic than dichlorvos (an organophosphate insecticide that is being phased out from indoor use). In relation to Drosophila melanogaster Meigen, both mosquito species were generally more susceptible to formate esters but more tolerant of heterobicyclics. Generally, the most toxic compound against all dipterans tested to date is n-butyl formate, whereas menthofuran is additionally toxic against Cx. quinquefasciatus and D. melanogaster. Finally, the toxicity differences between species point to the potential for differential toxicity among mosquito genera/species, suggesting that further studies of a number of mosquito species might be warranted.
fumigant applications, structural pest management, and insect vector management. For example, volatile insecticides can be used to protect stored agricultural commodities from pest damage, to protect structures from wood-destroying structural pests, and for the suppression of disease vectoring dipteran pests on both small and large scales. Small-scale uses are at the single housing unit level, whereas large-scale uses are outdoors and can take place at an areawide scale. For small-scale control of public health pests, the acetylcholinesterase-inhibiting neurotoxin dichlorvos (DDVP) has been widely studied and used (Miles et al. 1962 , Maddock et al. 1963 , Brooks and Scoof 1964 , Matthysse and McClain 1973 . DichlorvosÕs initial registration was in 1948, but its use in indoor environments is now proposed for elimination (U.S. EPA 2007 (U.S. EPA , 2008 . Pest strip/resin formulations of dichlorvos are registered for use in areas where ßies, mosquitoes, and other nuisance and health pests occur. At present, there is a need for safe, registered, dichlorvos replacement materials.
Volatile compounds from the heterobicyclic and aliphatic ester families (i.e., formate, acetate, propionate, butyrate, and valerate esters) (Scharf et al. 2006) are candidate insecticidal compounds with potential uses as dichlorvos replacement materials. Many of these compounds are derived from natural sources, possess pleasant odor characteristics, and are widely used by the food and beverage industries as ßavoring ingredients (International Programme on Chemical Safety 2008). Thus, these materials can be considered as potential low-risk pesticides. Previous studies examined the toxicity of these materials against insecticide susceptible and resistant Drosophila melanogaster Meigen and investigated baseline toxicity and metabolism characteristics, as well as possible modes of action in D. melanogaster and Musca domestica L. (Scharf et al. 2006; Chaskopoulou 2007; Nguyen et al. 2007; Song and Scharf 2008a, b) . For the most active subset of these compounds (heterobicyclics and formate esters), signiÞcant neurological impacts have now been identiÞed, suggesting good potential for rapid knockdown of ßying insect pests that are disease vectors (Song and Scharf 2008a, b) . Alternatively, previous studies on formate esters in stored product beetles suggested they are active through mitochondrial disruption (cytochrome c oxidase inhibition; Haritos and Dojchinov 2003) , which is a slower mode of action. Possible mitochondrial impacts by formic acid in dipterans are under study and have not yet been ruled out as additional formate ester modes of action (Song and Scharf 2009 ).
This study investigated the toxicity of 31 volatile compounds from six families against the medically important mosquitoes Aedes aegypti L. and Culex quinquefasciatus Say. The objectives of this research were to (1) identify compounds with the highest vapor toxicities against the two mosquito species, (2) identify which of the six chemical families have the best toxicity proÞles against the two species, (3) where possible, investigate structureÐactivity relationships, and (4) compare mosquito toxicity proÞles with toxicity proÞles obtained previously for the model dipteran D. melanogaster.
Materials and Methods
Mosquitoes and Rearing. All mosquitoes were obtained from the Mosquito and Fly Research Unit at the USDAÐARS Center for Medical, Agricultural, and Veterinary Entomology (CMAVE) in Gainesville, FL. The Ae. aegypti colony was established in 1952 with Þeld-collected insects from Orlando, FL; the Cx. quinquefasciatus colony was established in 1995 with Þeld collected insects from Gainesville, FL (Pridgeon et al. 2008) . Mosquitoes are reared continuously at CMAVE using standardized procedures; blood meals consist of 37ЊC bovine blood ϩ 1% heparin in pig intestine (Reinert et al. 1997, McCall and Eaton 2001) . For testing, eggs were either obtained in dried form (Ae. aegypti) or fresh (Cx. quinquefasciatus). Eggs were allowed to hatch in water-Þlled ßasks, after which Þrst-instar larvae were transferred to plastic dishes containing deionized water and a larval diet of liver powder and brewerÕs yeast. Larval dishes were placed in screened cages that were held at 27ЊC, 30 Ð50% humidity, and a 14:10 L:D photoperiod. Adults emerged directly in cages and were provided 10% sucrose as a food source. Only adult female mosquitoes 3Ð5 d old were used for all experiments because it is only the females that blood feed and vector diseases.
Chemicals and Dilutions. All experimental volatile compounds were purchased from Sigma-AldrichFluka (Milwaukee, WI) and were of 95% purity or greater. Chemical structures for the test compounds are provided in Scharf et al. (2006) . Dichlorvos was purchased from ChemService (West Chester, PA) and was of Ͼ99% purity. All volatile insecticide stocks were prepared at 100 g/l in analytical grade acetone. Rather than weigh the highly volatile liquid compounds, which includes all compounds except benzothiophene and indole, weight was determined based on the densityÐvolume relationship of each compound. Depending on the compound, four to six serial dilutions were prepared in acetone and applied in a constant volume of 10 l. Controls received 10 l acetone alone.
Bioassays. Volatility bioassays were modeled after bioassays developed previously for D. melanogaster (Scharf et al. 2006 , Nguyen et al. 2007 ). Bioassays took place in 0.5-liter glass jars with metal canning lids (1-pt Mason jars and lids; Ball, Muncie, IN). Adult mosquitoes were isolated from emergence cages by aspiration, anesthetized by chilling on ice, separated by sex, and placed in groups of 10 females within 12-ml clear glass vials. Chilling on ice is a preferred method to immobilize mosquitoes for more prolonged bioassay handling because, unlike other methods, chilling does not stress them signiÞcantly (Harris et al. 1965 , Mount et al. 1976 , Smith and Olson 1982 . Before adding mosquitoes, wooden toothpicks were wrapped with cotton, dipped in a 10% sucrose solution, and placed into the vials. Preliminary studies using hydrated raisins as a food source showed that the raisins caused substantial control mortality, which led to the use of sucrose solution as a nutritional supplement. The vials were capped with open-top septum caps that were covered with Þne mesh held in place by hot glue. For bioassays, the assembled vials were placed into jars along with a folded 5.5-cm disk of Þlter paper (Whatman 1; Whatman, Vineland, NJ). The Þlter paper was treated with either an insecticide dilution or acetone in the case of controls, and the jar was covered immediately with a metal canning lid that was placed inverted with the rubber gasket up. Lids were placed upside-down based on preliminary studies (Chaskopoulou 2007) that indicated high control mortality when lids were placed with the rubber side down; presumably because of CO 2 buildup (Pratt and Reuss 2004) . Bioassays proceeded for 24 h at room temperature (25Ð27ЊC) in a fume hood. Mortality was scored based on a complete lack of movement. Between four and six concentrations plus an acetone control were tested for all insecticides. Between 5 and 10 replicates were performed for each concentration range on each strainÐinsecticide combination.
Data Analyses. Probit analysis of concentrationÐ mortality data were performed using PROC PROBIT in the SAS software package (SAS Institute, Cary, NC). If control mortality ever exceeded 10% in a given replicate, that replicate was discarded. LC 50 s were considered signiÞcantly different using the criterion of nonoverlap of 95% conÞdence intervals. Linear regression analyses were performed using Sigma Plot graphing software (Systat Software, San Jose, CA). Toxicity regressions between mosquito species and D. melanogaster only included more toxic compounds with LC 50 s Յ3.0 mg/0.5 liters.
Results
Toxicity Profiles. Probit analysis results from Ae. aegypti and Cx. quinquefasciatus volatility bioassays are shown in Tables 1 and 2 . LC 50 results are summarized in Fig. 1 mg/0.5 liters, the most toxic materials against Ae. aegypti were formate esters. For Ae. aegypti, the rank of toxicity for the most active formate esters was methyl Ͼ n-butyl Ͼ propyl ϭ ethyl ϭ hexyl. For Cx. quinquefasciatus, the most toxic materials were a mix of formate esters and heterobicyclics (LC 50 s ϭ 0.37Ð 0.60 mg/0.5 liters). For Cx. quinquefasciatus, the rank of toxicity for the most effective compounds was n-butyl formate Ͼ hexyl formate ϭ DHBF ϭ menthofuran ϭ heptyl formate ϭ ethyl formate. Other moderately active formate esters against Cx. quinquefasciatus included EGDF and methyl formate (LC 50 s ϭ 0.77 and 0.93 mg/0.5 liters, respectively). Based on LC 50 estimates, the most toxicologically active materials against either species were 50-to 60-fold less effective than dichlorvos (Tables  1 and 2 ; Fig. 1 ).
Structure-Activity Relationships. Four types of structureÐactivity relationships were studied using LC 50 data from both mosquito species. These analyses compared (1) methyl-substituted aliphatic esters, (2) n-butyl and t-butyl formate and acetate esters, (3) n-propyl acetate and iso-propyl acetate, and (4) all formate esters with aliphatic chain lengths of between 1 and 7 carbons units (see Fig. 1 ). In comparisons of methyl substituted aliphatic esters, methyl formate was between two-and Þve-fold more active than any of the other methyl esters (i.e., acetate, propionate, butyrate, valerate). Comparison of n-versus t-butyl formate and acetate indicated that the aliphatic n conÞgurations had from 1.6-to 6.5-fold greater toxicity. With n-propyl versus iso-propyl acetate, the same trend was observed, with the n conÞguration being more active. In general, addition of esteriÞed aliphatic chains to formic acid increased toxicity in all cases to both mosquito species. Formate ester structureÐactiv-ity comparisons indicated that toxicity to Ae. aegypti generally decreased as aliphatic chain length increased. In Cx. quinquefasciatus, however, there were no signiÞcant patterns, with the greatest toxicity occurring for n-butyl formate. Thus, the most active formate ester against Ae. aegypti was methyl formate, and for Cx. quinquefasciatus, it was n-butyl formate.
Mosquito-Drosophila Comparisons. Mosquito results from this study were further compared with results from previous D. melanogaster studies (Scharf et al. 2006 , Nguyen et al. 2007 (Fig. 1) . Although LC 50 results between the two mosquito species were reasonably well correlated, regressions of either mosquito species against D. melanogaster indicated extremely weak correlations (Fig. 2) . In this respect, three primary differences among species were noted. First, D. 
Discussion
This research evaluated a series of 31 volatile insecticidal compounds against Ae. aegypti and Cx. quinquefasciatus mosquitoes. Regressions of the Ae. aegypti and Cx. quinquefasciatus LC 50 s across all active test compounds indicated a fairly strong correlation between the toxicity proÞles of both species (Fig. 2) . The most toxic compounds against Ae. aegypti were a subset of the formate esters, whereas the most toxic compounds against Cx. quinquefasciatus included a mix of formate esters and heterobicyclics.
The most active materials identiÞed here, which includes a subset of select heterobicyclics and formate esters, were also identiÞed in two previous studies as being the most toxic compounds against insecticidesusceptible and -resistant D. melanogaster (Scharf et al. 2006 , Nguyen et al. 2007 ). In addition, the heterobicyclics menthofuran and benzothiophene were previously shown to cause negative cross-resistance (i.e., increased toxicity) in three D. melanogaster strains resistant to other insecticide classes by metabolism (cytochrome P450) and altered neurological target sites (sodium and chloride channel), suggesting additional uses for heterobicyclic chemistry in vector resistance management (Nguyen et al. 2007 ). Thus, formate esters and heterobicyclics are candidates for use in both vector management programs and for management of ßy and mosquito populations resistant to existing public health insecticides.
Differences in toxicity proÞles were noted between mosquitoes (this study) and D. melanogaster (Scharf et al. 2006 , Nguyen et al. 2007 ). The toxicity differences noted between Ae. aegypti, Cx. quinquefasciatus, and D. melanogaster may be explained by physiological differences between these insect groups. With respect to physiological differences, the way in which the different species acquired lethal doses may be different, in particular, their breathing patterns. For example, if one species has an inherently greater respiratory . Probit responses could not be determined in some cases because of a lack of mortality at the highest test concentration of 3.0 mg/0.5 liters.
e 95% conÞdence intervals were not determinable (ND) because of a lack of Þt by data to an expected probit model. rate than other test species, this would result in greater volatile insecticide uptake and greater susceptibility. Body weights also differ between the two mosquito species (Chaskopoulou 2007) and between the mosquitoes and D. melanogaster, and thus, body weight may also at least partially account for some toxicity differences. For example, if one species has inherently larger body size, this would require a larger insecticidal dose to achieve toxicity on a per-body-weight basis relative to a smaller species. Another potential physiological difference between species relates to toxin metabolism and detoxiÞcation capabilities. In this respect, differing detoxiÞcation capabilities among species will potentially lead to variable insecticide toxicokinetic and pharmacokinetic proÞles among species. For example, the Ae. aegypti genome encodes 235 members of the cytochrome P450, glutathione transferase, and carboxy/cholinesterase detoxiÞcation gene families, which represents a 58% increase in detoxiÞcation gene diversity over D. melanogaster (Strode et al. 2008) . Differences in anesthetization protocols between D. melanogaster and mosquitoes may also at least partially explain toxicity differences between ßies and mosquitoes. SpeciÞcally, in previous studies on D. melanogaster, CO 2 was used to anesthetize ßies. CO 2 is known to enhance insect respiratory rates, and it is even used in combination with some fumigant insecticides to enhance efÞcacy (Haritos et al. 2006) . Mosquitoes in this study were anesthetized by chilling on ice, which is a preferred method to immobilize mosquitoes for more prolonged bioassay handling because, unlike CO 2 chilling, does not stress them signiÞcantly (Harris et al. 1965 , Mount et al. 1976 , Smith and Olson 1982 . Thus, in summary, Scharf et al. 2006) . The 32 test compounds as shown on the y-axis are from the six families that include heterobicyclics and formate, acetate, propionate, butyrate, and valerate esters. Dichlorvos is a standard volatile insecticide tested as a positive control. Cross-hatched bars denote methyl esters, bars with vertical stripes denote n-and t-butyl esters, and stippled/dotted bars denote propyl and iso-propyl esters.
toxicity differences between species may be caused by differences in respiratory rates, body weight, detoxiÞcation enzyme composition, and/or anesthetization protocols.
Despite all the potential physiological differences between mosquitoes and ßies, as well as differences in handling procedures in experiments between ßies and mosquitoes, n-butyl formate is the most consistently active material on all species tested to date. This Þnd-ing is in agreement with several toxicological characteristics that are known for n-butyl formate. First, previous studies showed that n-butyl formate toxicity is reduced (antagonized) by the synergists piperonyl butoxide and s,s,s-tributyl phosphorotrithioate, which are inhibitors of cytochrome P450 and esterase metabolic enzymes, respectively (Nguyen et al. 2007 ). This antagonism of toxicity indicates that n-butyl formate is metabolically activated to a more toxic metabolite. Second, n-butyl formate is hydrolyzed to formic acid (Song and Scharf 2008a) , which also possesses insecticidal properties (Nguyen et al. 2007 and this study). Formic acid liberation through hydrolysis could be mediated by either esterase or cytochrome P450 action. Third, both the parent compound n-butyl formate and its metabolite formic acid cause neurological disruption (Song and Scharf 2008a, b) , which is the most common and nonselective insecticidal mode of action. Thus, in agreement with its broad efÞcacy noted across all dipterans studied to date, several lines of evidence support that n-butyl formate is a neurotoxin capable of eliciting toxicity through a number of potential routes.
Previously, Pridgeon et al. (2008) studied toxicity of 19 insecticides to the three mosquito species Ae. aegypti, Cx. quinquefasciatus, and Anopheles quadrimaculatus Say and noted vastly different susceptibilities across species. Similarly, in this study, we observed correlated, but still varied, responses to volatile insecticidal compounds between Ae. aegypti and Cx. quinquefasciatus. Together, the results of these two studies on diverse mosquito species using diverse chemistries suggest that investigation of other mosquito and pest species could provide valuable leads on uses for the current suite of test compounds, or possibly other prototype materials that await synthesis. Negative cross-resistance in mosquito populations resistant to existing insecticides could be another possibility worth studying (Pittendrigh and Gaffney 2001, Nguyen et al. 2007 ).
In summary, Cx. quinquefasciatus mosquitoes were generally more susceptible to the experimental volatile compounds than were Ae. aegypti mosquitoes. Cx. quinquefasciatus was most susceptible to a mix both heterobicyclic and formate ester compounds, whereas Ae. aegypti was most susceptible to formate esters. The best performing materials had LC 50 s between 0.4 and 1.0 mg/0.5 liters (ϭ0.8 Ð2 mg/liter). However, the most active materials against either species had LC 50 s that were 50-to 60-fold less toxic than dichlorvos. In relation to Þndings of previous D. melanogaster studies, both mosquito species were generally more susceptible to formate esters than D. melanogaster but more tolerant of heterobicyclics. Across all compounds, mosquito responses were better correlated with each other (r 2 ϭ 0.641) than with D. melanogaster (r 2 ϭ 0.053, 0.213). Physiological differences such as body weight, respiratory rates, and/or detoxiÞcation capabilities, as well as variation in handling methods between mosquitoes and D. melanogaster (i.e., chilling versus CO 2 anesthesia), may contribute to observed toxicity differences. Generally, the most toxic compound tested against all dipterans to date is n-butyl formate, whereas menthofuran is equally active against Cx. quinquefasciatus and D. melanogaster. These Þndings are supported by the signiÞcant neurological impacts identiÞed previously for menthofuran, butyl formate, and formic acid (the hydrolyzed metabolite of butyl formate). Finally, the toxicity differences noted to date between species point to the potential for variable susceptibility across mosquito genera and species, suggesting that further studies of diverse mosquito species with both novel and existing chemistries might be warranted.
The volatile heterobicyclics and aliphatic esters we tested were not as toxic to mosquitoes as DDVP; however, they have good potential against mosquitoes as alternative vapor toxicants, especially in those situations where the use of DDVP is banned. The low mammalian toxicities of these materials in combination with their pleasant, fruity odors make them very good DDVP replacement candidates.
